The extraction of surface emissivity data provides the data base for surface composition analyses and enables to evaluate Venus' geology. The Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) aboard ESA's Venus Express mission measured, inter alia, the nightside thermal emission of Venus in the near infrared atmospheric windows between 1.0 and 1.2 µm. These data can be used to determine information about surface properties on global scales. This requires a sophisticated approach to understand and consider the effects and interferences of different atmospheric and surface parameters influencing the retrieved values. In the present work, results of a new technique for retrieval of the 1.0 -1.2 µm -surface emissivity are summarized. It includes a Multi-Window Retrieval Technique, a Multi-Spectrum Retrieval technique (MSR), and a detailed reliability analysis. The MWT bases on a detailed radiative transfer model making simultaneous use of information from different atmospheric windows of an individual spectrum. MSR regularizes the retrieval by incorporating available a priori mean values, standard deviations as well as spatial-temporal correlations of parameters to be retrieved. The capability of this method is shown for a selected surface target area. Implications for geologic investigations are discussed. Based on these results, the work draws conclusions for future Venus surface composition analyses on global scales using spectral remote sensing techniques. In that context, requirements for observational scenarios and instrumental performances are investigated, and recommendations are derived to optimize spectral measurements for Venus' surface studies.
INTRODUCTION
Venus is called a "sister planet" of Earth, and thus it has been an important object of planetary research and comparative planetology. Although Venus and Earth formed close together 4.6 billion years ago, they followed dramatically different evolutionary paths 1 . The current hostile environmental conditions on Venus are dominated by a massive atmosphere, consisting mainly of CO 2 and increasing the surface temperature and pressure up to 735 K and 92 bar respectively 2, 3 . These conditions are known to be driven by a runaway greenhouse effect and an atmospheric superrotation 4 . Therefore, , Giuseppe
Venus' atmosphere went along a path towards its present environment different from Earth. To understand the underlying evolutionary processes requires deeper insights into the structure of the planetary body. One promising approach is the study of the geologic, morphologic, stratigraphic, and compositional structure of the Venusian surface. The thick and opaque atmosphere of Venus prevents dayside surface observations at visible wavelengths. Most of the current knowledge about Venus' surface results from radar 5 and a few lander 6 measurements. The discovery of nightside nearinfrared atmospheric emission windows between 0.8 and 2.5 µm provided a new technique for studying the lower atmosphere of Venus down to the surface 7 . Flybys of Galileo/NIMS and Cassini/VIMS 8, 9 made use of these windows adding new data of Venus' lower atmosphere and surface. The Visual and InfraRed Thermal Imaging Spectrometer (VIRTIS) aboard the ESA mission Venus Express was the first spectrometer continuously measuring the nightside thermal emission orbiting the planet from 2006 until 2014 10 . The VIRTIS data have been used developing a technique to retrieve Venus' surface emissivity. Knowledge of surface emissivity enables to analyze surface properties like temperatures, potential surface materials, and surface roughness 11, 12 . This paper summarizes the approach and exemplary results for the Themis Regio region on Venus.
VIRTIS ON VENUS EXPRESS
The Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) on ESA's Venus Express (VEX) provided an enormous amount of data including a three-dimensional view of the atmosphere and information on global surface properties of the planet. VIRTIS/VEX is an imaging spectrometer combining three data channels in one compact instrument 13, 14, 15 16 . Two of them are devoted to spectral mapping at moderate spectral resolution (Mapper optical subsystem "-M") in the range from 0.27 to 5.10 µm. A spectrally resolved VIRTIS-M image is called "data cube". The third channel is devoted to spectroscopy (High resolution optical subsystem "-H") in the spectral range from 2 to 5 µm. The -H field of view is approximately centered in the middle of the -M image providing high spectral resolution spectra in this small portion of image 13 . VIRTIS consists of four modules: the Optics Modules -M and -H, the two Proximity Electronics Modules (PEM), and the Main Electronics (ME). The Optics Modules are externally mounted on the -X panel of the spacecraft with the Optical Heads co-aligned in +Z direction (planet view). VIRTIS-M is characterized by a single optical head consisting of a Shafer telescope combined with an Offner imaging spectrometer and by two focal plane arrays (FPA). VIRTIS-H is a high spectral resolution Echelle cross-dispersed spectrometer using prism and grating for dispersion 13, 14, 15, 16 .
The spectral sampling of -M is about 2 nm below 1 µm and 10 nm from 1 to 5.10 µm, while for -H it is about 1.6 nm, depending on wavelength and scattering order. VIRTIS-M-VIS uses a Si CCD (Thomson TH7896) for the range between 0.28-1.1 μm. The IR FPAs of -M and -H are housed on bi-dimensional HgCdTe arrays designed to provide high sensitivity and low dark current (1 fA at 80K). They are cooled to 85 K by an active cooler. VIRTIS-M and -H spectrometers themselves are cooled down to 135 K by means of a radiator reducing the background level of thermal radiation 13, 14, 15, 16 .
RETRIEVAL METHOD
Venus surface emissivity retrieval bases on a detailed radiative transfer simulation model ("forward model") 12, 17, 18, 19 , a multi-spectrum retrieval technique (MSR) 18, 19, 20 , and a detailed error analysis 19, 20 . The radiative transfer model simulates the radiance spectra. It considers absorption, emission, and multiple scattering by gaseous and particulate constituents of the atmosphere. MSR regularizes the retrieval by incorporation of available a priori mean values and standard deviations of parameters to be retrieved and physically reasonable spatial-temporal a priori correlations. Moreover, it can retrieve parameters that are common to a set of spectra. The retrieval pipeline results in emissivity maps relative to a reference value.
Radiative transfer simulation model and single-spectrum retrieval
Venus' hot surface emits IR radiation, depending on its temperature and emissivity. As it wells upward, this radiation gets mixed with thermal emissions of the atmosphere and is partially absorbed and multiply scattered by atmospheric gases Wavelength in pm and clouds. These processes also lead to a horizontal blurring of the information on the spatial origin of the surface properties imprinted in the IR radiance on a scale of 100 km 21 . Since surface signatures are far outweighed by scattered sunlight on the dayside, only nightside measurements can be used to derive surface data. In the VIRTIS-M-IR spectral range, nightside spectral windows at 1.02, 1.10, and 1.18 µm (the "surface windows") sound the surface, while additional windows between 1.3 and 2.6 µm (the "deep atmosphere windows") sound the deep atmosphere around 20-40 km altitude (see Fig. 1 ). An additional window at 1.28 µm is not taken into account here, since it is contaminated by O 2 nightglow. The measured radiance in the surface windows depends also on atmospheric properties that have to be derived from the deep atmosphere windows. To derive quantitative information from a measured VIRTIS-M-IR spectrum, it is necessary to compute synthetic spectra for given sets of atmospheric, surface, and instrumental parameters. The observation geometry as well as certain physical and optical properties of the atmospheric gases and clouds have to be known in addition. Haus and Arnold (2010) 12 with updates 17 described a radiance transfer simulation program, which takes the aforementioned radiative processes into account. It is an LTE line-by-line model based on the discrete ordinate method DISORT 24 . It pays particular attention to the extreme environmental conditions close to Venus' surface and is suitable for plane-parallel geometries. A further update 18 based on LIDORT 25 enables the computation of analytic derivatives of the simulated radiance spectra with respect to many parameters to be retrieved.
Starting with an initial guess of the state vector, i.e. the vector formed by the wanted parameters, a retrieval algorithm compares the corresponding simulated spectrum to the measured spectrum and iteratively modifies the state vector until the simulated spectrum well fits the measured one. The state vector leading to the best fit can be regarded as an estimate of the actual states of the atmosphere and surface that led to the measured spectrum. But since different state vectors can describe the same measured spectrum equally well, the retrieval has to be regularized. A priori mean values and standard deviations of the retrieval parameters as well as information on the measurement and simulation errors of the spectra can be taken into account in the frame of a retrieval algorithm based on Bayesian regularization. The algorithm searches for the location of the maximum of the corresponding Bayesian a posteriori probability distribution function. Of all state vectors that well describe the measured spectrum; this location is the one that is the most compatible with the a priori and error information 26 . This way, unreasonable state vectors can be excluded from the outset.
VIRTIS-M-IR single-spectrum information content is quite limited, which is why there are always surface and atmospheric parameters that cannot be derived from the measured spectra with sufficient reliability. These parameters have to be set to reasonable values compatible with current knowledge on atmospheric and surface conditions and allow the computation of realistic synthetic spectra. When these assumed interfering parameters deviate from the true physical values, this may cause severe surface emissivity retrieval errors, even though the fits well match the measured spectra 19 .
Multi-spectrum retrieval technique
The situation discussed in the previous section can be improved by including further a priori information. Due to the physical drive to balance thermodynamic disequilibria, spatially or temporally contiguous VIRTIS-M-IR measurements are unlikely to originate from completely unrelated single-spectrum state vectors. To describe such correlations, the recently developed multi-spectrum retrieval algorithm MSR 18 can take a priori correlation lengths and times of the retrieval parameters into account. For this purpose, a set of many spectra is regarded as a single meta-measurement, defining a corresponding Bayesian a posteriori probability distribution function. MSR can also retrieve parameter vectors that are common to the utilized set of spectra. Incorporating this kind of a priori data, unreasonable spatial-temporal state vector distributions (like unphysical jumps between different subsidiary single-spectrum solutions) can be excluded from the outset, and the reliability of the retrieved parameters can be increased. In particular, an emissivity map of a given target on Venus' surface can be retrieved at each surface window with MSR as parameter vector that is common to many VIRTIS-M-IR cubes covering this target, neglecting geologic activity and thereby surface emissivity variations with time.
It turns out that even with MSR, absolute emissivity values are difficult to obtain due to strong interferences from other parameters. Moreover, retrieved emissivity maps exhibit trends with surface elevation and latitude. These trends were interpreted 20 to be due to imperfect radiative transfer simulations with respect to the extinction properties of the deep atmosphere and to deviations between time-averaged true and assumed interfering parameters. The latter deviations were argued to be spatially slowly varying and only in latitude direction, motivated by the symmetries and spatial scales of the global atmospheric circulation. After removal of the emissivity trends in a post-processing step, it was observed 20 that the magnitude of the resulting spatial emissivity fluctuations around their mean value increased with increasing mean value. This is because the radiance response to small emissivity perturbations around an emissivity base value decreases for increasing emissivity base value. The true mean value of the map cannot be retrieved from the data with the described techniques. To still obtain well-defined quantitative emissivity data maps, the fluctuation behavior was quantified, and the de-trended retrieved emissivity maps were transformed to have an emissivity mean value that attains a fixed predefined reference emissivity of 0.5. The results no longer represent absolute emissivity values but relative ones and were called "renormalized emissivity maps" or "relative emissivity maps". They can be referred to another reference emissivity if needed, for instance in the case when the absolute emissivity at a given point of the target should become known (e.g. in the form of ground truth data).
SURFACE EMISSIVITY DATA
For a surface target at Themis Regio, it was demonstrated 20 with many tests that the renormalized emissivity maps at the three surface windows are reasonably independent of the selection of the utilized measured spectra as well as of modifications to various interfering atmospheric, surface, and instrumental parameters and to selected details of the retrieval pipeline and data calibration and preprocessing. A statistical evaluation of these tests according to mathematically founded error scaling and adding rules yielded double standard deviation error margins of about 3%, 8%, and 4% for the renormalized retrieved emissivities in the surface windows at 1.02, 1.10, and 1.18 µm, respectively, when each surface bin is covered by 64 measurements and the reference emissivity is set to 0.5. The renormalized emissivities were interpreted as spatial variations relative to the reference emissivity. However, possible (but unlikely) real trends of the true emissivities with topography or latitude cannot be reflected by renormalized retrieved emissivities.
Spatial variations of the 1.02 μm surface emissivity of 20% that correspond to the difference between unweathered granitic and basaltic rocks would be easily detectable, but such variations were ruled out for the studied target area at Themis Regio. Emissivity anomalies of up to 8% were detected at both 1.02 and 1.18 μm. No anomalies were identified at 1.10 μm, but anomalies exceeding the determined error level were excluded 20 . Fig. 2 shows the emissivity map of the Themis Regio at 1.02 µm relative to the reference emissivity 0.5. It was determined as described above, where each surface spot was covered by 64 measurements. Themis Regio is a highland region classified as a corona-dominated hotspot rise 30 . The target area includes geologic structures like the Shiwanokia Corona with steep sided domes, Shulamite Coronae, Abeona and Mertseger Mons, impact craters like Kenny, Aksentyeva, and Sabin with a dark parabola, graben, and wrinkle ridges. The map displays clear spatial variations of surface emissivity at 1.02 µm. These "anomalies" can be caused by local changes in composition, age, and/or textural differences of the surface (smooth fresh vs. rough old and weathered areas) 20, 29 . Areas with low emissivity are associated with the central Shiwanokia Corona (see Fig. 2 , blue circle), which is a complex and old geologic feature. In contrast, e.g. an increase of emissivity occurs along the flanks and hills of Abeona Mons (Fig. 2, red circle) , which correlates rather with relatively young units interpreted to be of volcanic origin 31 .
CONCLUSION
The VIRTIS observations on ESA's Venus Express mission provided a new data set enabling to retrieve the relative surface emissivity in the 1 to 1.2 µm region. A complex radiative transfer simulation model and a multi-spectrum retrieval technique were developed for this purpose. Additionally, a comprehensive error analysis was performed. This approach enabled to validly assess real global-scale surface near-infrared emissivity anomalies for the first time.
Comparison of the retrieved emissivity data with surface features revealed by Magellan radar observations in the Themis Regio terrain on Venus allows the discussion of relevant geologic surface processes. Since the reliability of emissivity retrieval from nightside near-infrared spectral measurements depends on the repetition rate of observations covering the same surface footprint, future space borne spectroscopic experiments require a sophisticated operation strategy with a high coverage repetition rate and including also areas at high altitudes and the older tessera terrains. Furthermore, an increased sensitivity and improved spectral resolution within the 0.8 -5.0 µm range will help to improve the atmospheric model and the surface data extraction.
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